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EXECUTIVE SUMMARY

This report documents the Lincoln Laboratory evaluation of the Traffic Alert and Collision
Avoidance System II (TCAS II) logic version 6.04a.

BACKGROUND

TCAS Il is an airborne collision avoidance system, required since 30 December 1993 by
the Federal Aviation Administration (FAA) on all air carrier aircraft with more than 30 passenger
seats operating in United States airspace. To date, three versions of the TCAS II logic have been
flown commercially:

(1)  Version 6.02 was the logic version in use at the time that TCAS II was first
mandated.

(2)  Version 6.04 was made available in late 1992. A non-mandated version, its purpose
was to make the TCAS logic more compatible with the air traffic control (ATC)
system by reducing the number of nuisance advisories.

(3)  Version 6.04a was mandated by the FAA by 30 December 1994 in order to correct
a potential safety problem in both the 6.02 and 6.04 versions and to require
implementation of the version 6.04 ATC compatibility features.

The potential safety problem occurred most often in a specific encounter geometry, referred
to as a Seattle-type encounter. The encounter involved two TCAS-equipped aircraft with opposite
sign vertical rates, intending to level-off 1000 feet apart. Each TCAS, unaware of the level-off
intent, modeled the intruder as continuing its high vertical rate and selected an altitude crossing
maneuver as providing the best vertical separation. Extensive examination of this encounter in
simulation uncovered encounter variations in which both (simulated) pilots followed the TCAS
advisories correctly, and yet less than 100-feet vertical separation at closest point of approach
(CPA) resulted. This was due to a number of factors, including a flaw in the 6.02 and 6.04 logic
that could direct the pilot to maintain an incorrect vertical rate. Version 6.04a was intended both to
make crossing advisories less likely in pilot level-off situations and to correct the logic flaw so that
crossing advisories, when they were issued, would be more likely to work properly.

Lincoln Laboratory had been working since 1991 with the FAA Technical Center
(FAATC) in a cooperative effort to assess TCAS logic performance using simulated encounters,
and thus both organizations were tasked to evaluate the 6.04a logic. Although FAATC provided
the simulated encounters to be evaluated, each organization performed its own distinct evaluation.
This reports covers only the Lincoln Laboratory evaluation.

METHODOLOGY

The data analyzed by Lincoln Laboratory were produced by an FAATC simulation
program referred to as the Fast-Time Encounter Generator (FTEG). Approximately two million
simulated pairwise encounters were run. These encounters were derived from actual aircraft tracks
recorded in United States airspace, with large numbers of variations produced by varying key
aircraft parameters, including planned altitude separation at CPA and aircraft vertical rates and
accelerations. For the FTEG runs, the range of values used for aircraft vertical rates and




accelerations slightly exceeded the typical values seen in the airspace, and maneuvers were timed to
create worst-case situations for TCAS. This was done deliberately in order to try to characterize
the performance limits of the collision avoidance (CAS) logic and to predict problems that could
potentially occur. Since there was a period of time in which all three of the above logic versions
operated in the airspace simultaneously, the analysis examined pairwise combinations of all three
logic versions.

- Lincoln Laboratory developed five distinct analysis programs for use in the evaluation.
These are described in the report and sample outputs are given. The performance metric used in all
of the analysis programs was the vertical separation between the two aircraft at CPA. In general,
encounters were either acceptable or unacceptable depending upon whether or not the encounter
resulted in an NMAC, or near mid-air collision, defined in this report as a vertical separation of <
100 feet at CPA. The evaluation used the concept of a "planned encounter," i.e., an encounter as it
would have unfolded if TCAS were not present. The planned performance was compared to the
performance of the different TCAS logic versions to determine if TCAS failed to resolve an
existing NMAC or induced an NMAC where none had previously existed.

EVALUATION GOALS

There were three goals of the Lincoln Laboratory 6.04a evaluation:

(1) Compare logic versions 6.04 and 6.04a to determine if the 6.04a changes produced
the expected improvements and to determine if any new problems had been
introduced. This was a focused effort, using specific analysis programs to evaluate
areas of the logic that had changed from version 6.04 to 6.04a.

(2) Do a general evaluation of the 6.04a logic, using all of the Lincoln Laboratory
analysis programs, to detect and explain any areas of concern. This effort primarily
pinpointed areas in which the 6.04a performance was much worse than the baseline
6.02 performance.

(3) Analyze every 6.04a NMAC produced by the simulation in order to understand the
performance limits of the 6.04a logic. For those NMACSs deemed likely to occur in
the real airspace, discuss possible courses of action to improve the CAS logic
performance.

RESULTS

The major findings of the evaluation were as follows:
(1) Logic version 6.04a resolved all Seattle-type encounters in the simulation.

(2) When compared to version 6.04, version 6.04a greatly reduced the number of
induced NMAC:s in all rate-to-level non-crossing geometries (i.e., geometries for
which the corresponding planned encounter called for one or both aircraft to level-off
without a resulting crossing in altitude). There were fewer crossing RAs issued in
each of these geometries and also better results from the crossing RAs that were
issued.

(3) When compared to version 6.04, there did not appear to be any new problems
introduced by the 6.04a logic.
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There were no interoperability problems seem among the 6.02, 6.04, and 6.04a logic
versions.

There were no geometries in which 6.04a induced NMACs in more than 2% of the
encounters.

There were four geometries in which 6.04a had more than twice the number of
NMAC: as version 6.02. These were planned crossing encounters that would be
expected to occur very rarely in the real airspace. Thus, the increase in NMACs in
these geometries was not considered significant.

Situations most troublesome to the CAS logic (all versions, including version 6.04a)
include the following:

high vertical rates in one or both aircraft (generally 5000 fpm, sometimes
3000 fpm)

level-off maneuvers in which the planned separation is less than 1000 feet

late planned vertical maneuvers (maneuvers that begin just as the range threshold
for issuing an advisory is crossed)

late planned vertical maneuvers that are opposite to the direction of the TCAS
advisory.

Overall, the main conclusion was that no encounters were found that indicated a clear
safety problem with the 6.04a logic. There are certain situations that the 6.04a logic cannot
handle, but there was consensus among the organizations that formed a review group that these
situations are not common and can be addressed further with the Change 7 logic.

RECOMMENDATIONS

There were four major recommendations from this study:

(D

2

3)

4

Determine if the Change 7 logic improves on the 6.04a performance as expected.
Use the Lincoln Laboratory analysis programs to analyze the performance of both
the Change 7/Information Release 5 logic and the final Change 7 logic. Note any
new problems that occur. Compare in detail the 6.04a and Change 7 performance of
the 6.04a NMAC encounters.

Develop a class of encounters in which the aircraft overshoot the planned altitude.
Run these encounters in addition to the current set of encounters using the Change 7
logic .

Continue to gather data (airborne TCAS recordings, ARTS data, Mode S sensor
monitoring) regarding the frequency in the real airspace of:

high vertical rates (= 3000 fpm),

level-offs in which the planned separation is less than 1000 feet.

- Determine if further work needs to be done to improve performance in these areas.

Ensure that aircraft displays are capable of displaying advisory information required
by TCAS.
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1. INTRODUCTION

1.1 BACKGROUND

The Traffic Alert and Collision Avoidance System (TCAS) is an airborne collision
avoidance system required since 30 December 1993 by the Federal Aviation Administration
(FAA) on all air carrier aircraft with more than 30 passenger seats operating in United States
airspace. TCAS works by actively interrogating other nearby transponder-equipped aircraft and
tracking the transponder replies. For each aircraft, TCAS computes a tau value, or time-to-closest
approach. When this value drops below a specified threshold, typically 25-30 seconds, TCAS
issues a vertical command, or resolution advisory, to the pilot.

There are three levels of TCAS. TCAS II is described above and is the only level
discussed in this report. TCAS I is intended for aircraft with 10-30 seats and has lesser capability;
it displays only traffic advisories (position information) to the pilot, not resolution advisories

(RAs). TCAS IV is currently under development and will include horizontal as well as vertical
RAs.

In order to make the operation of TCAS more compatible with the existing air traffic
control system as well as to correct a potential safety problem with unnecessary crossing
resolution advisories, all TCAS-equipped aircraft were required to install a new logic version,
known as version 6.04a, by 30 December 1994. Because Lincoln Laboratory and the FAA
Technical Center (FAATC) had been working since 1991 in a cooperative effort to assess TCAS
logic performance, both organizations were tasked to evaluate the 6.04a logic. The Lincoln
Laboratory 6.04a evaluation is the subject of this report.

1.1.1 TCAS Development and Testing

During the development of TCAS, the MITRE Corporation has been responsible for
development of the collision avoidance (CAS) logic, i.e., the algorithms that perform threat
detection and maneuver selection. Lincoln Laboratory has been responsible for development of the
surveillance logic, i.e., the algorithms for maintaining surveillance on other aircraft, and the
coordination logic, i.e., the algorithms that ensure complimentary maneuvers between two aircraft
in an encounter. It is the CAS logic that is the subject of this evaluation.

Testing of the CAS logic is done by means of software simulation of large numbers of
aircraft encounters. MITRE has primary responsibility for the CAS logic testing, especially as it
relates to assessing the operational impact and safety of different logic versions. FAATC became
involved in the CAS logic testing in order to provide an independent check of performance and to
provide an assessment of the strengths and weaknesses of the logic. In 1991, Lincoln Laboratory
was tasked to work with FAATC to help organize and analyze the large amount of data produced
by the FAATC simulation. The Lincoln Laboratory analysis programs proved to be an excellent
predictor of logic problems and have been used to evaluate several versions of the CAS logic.

1.1.2 Logic Versions

In the 6.04a logic evaluation described in this report, there were actually three different
logic versions examined - 6.02, 6.04, and 6.04a. This was due to the fact that all three versions
operated simultaneously in the airspace for some period of time, and it was necessary to examine
the interactions between versions. The three logic versions are described below.




Version 6.02 was the logic in use at the time that TCAS was first mandated (30 December
1995). Version 6.02 was considered to be operating as designed, but some controllers and airlines
complained of nuisance advisories, primarily close to the ground and in specific airport
geometries, notably Dallas-Fort Worth (DFW).

Version 6.04, a non-mandated version, was made available in late 1992 and was
implemented by a few of the airlines in order to make the TCAS logic more compatible with the
air traffic control system. Version 6.04 reduced the number of nuisance advisories primarily by
reducing the protection volume about the TCAS aircraft and by raising the altitude threshold above
which advisories would be issued. It also greatly reduced the nuisance advisories at DFW.

Shortly after the introduction of version 6.04, however, a safety problem (see 1.1.3 below)
was discovered in both versions 6.02 and 6.04. Version 6.04a was developed to fix this problem.
Version 6.04a was mandated in all TCAS installations by 30 December 1994, and in early 1994
Lincoln Laboratory was asked to use its analysis programs to evaluate the version 6.04a logic.

1.1.3 "Seattle'" Encounter

The problem in the 6.02 and 6.04 logic occurs most often in a specific encounter geometry
and was first brought to the attention of the TCAS community after an incident in Seattle, WA.
The encounter geometry involves two TCAS-equipped aircraft with opposite sign vertical rates,
intending to level-off 1000 feet apart. (See Figure 1-1.) Each TCAS, unaware of the level-off
intent, models the intruder as continuing its high vertical rate and selects an "altitude crossing”
maneuver as providing the best vertical separation. The incident in Seattle appeared to be
precipitated when one aircraft obeyed the controller and leveled-off, and the other aircraft obeyed
TCAS and crossed in altitude.

The general feeling in the TCAS community was that although it was undesirable for
TCAS to have issued the crossing advisories, nevertheless if both pilots had followed the
advisories, safe separation would have resulted. However, after extensive examination of this
encounter in simulations, it was determined that safe separation could not be guaranteed. There
were variations of the Seattle encounter in which both (simulated) pilots followed the TCAS
advisories correctly, and yet less than 100 feet vertical separation at CPA! resulted. This was due
to a number of factors, including the timing of the pilot level-off and tracker lag in detecting the
level-off, plus a logic flaw in the 6.02 and 6.04 CAS logic that could allow the wrong vertical
"rate-to-maintain” to be displayed to the pilot (see Section 4.1). Version 6.04a was intended both
to make crossing advisories less likely in pilot level-off situations and to correct the logic flaw (so
that crossing advisories, when they were issued, would work properly).

1 A TCAS near mid-air collision, or NMAC, is defined as simultaneous altitude separation of < 100 feet and
horizontal separation of < 0.1 nmi. The simulations referenced in this report assume zero horizontal
separation; and thus in this report, vertical separation alone is used to determine NMAC status. In the
actual Seattle encounter described above, the horizontal separation was greater than 0.1 nmi, so a true
NMAC would not have occurred, regardless of the vertical separation.




----- Planned encounter

Encounter with
Pilots following
TCAS advisories

Figure 1-1. Seattle encounter.

1.2 GOALS OF THE 6.04A EVALUATION

There were three goals of the 6.04a evaluation:

(1)  Compare logic versions 6.04 and 6.04a to determine if the 6.04a changes produced
the expected improvements and to determine if any new problems had been
introduced. This was a focused effort, using specific analysis tools to evaluate areas
of the logic that had changed from version 6.04 to 6.04a.

(2) Do a general evaluation of the 6.04a logic, using all of the Lincoln Laboratory
analysis programs, to detect and explain any areas of concern. This effort primarily
pinpointed areas in which the 6.04a performance was much worse than the baseline
6.02 performance.

(3) Analyze every 6.04a NMAC produced by the simulation in order to understand the
performance limits of the 6.04a logic. For those NMACs deemed likely to occur in

the real airspace, discuss possible courses of action to improve the CAS
performance.

The 6.04a evaluation effort was organized into three phases, each phase addressing one of
the above goals.




1.3 ORGANIZATION OF THIS REPORT

Section 1 provides background on TCAS development and testing, including descriptions
of the three CAS logic versions used to date. It also describes the major goals of the 6.04a
evaluation effort.

Section 2 discusses the FAATC software simulation facility that provided the data analyzed
by Lincoln Laboratory in this effort. The types of encounters present in the United States airspace
are described, along with the process of defining large numbers of representative encounters used
as inputs to the simulation.

Section 3 describes the five programs developed by Lincoln Laboratory to analyze the
simulation outputs. The operation of each program is explained, and sample outputs are given.

Sections 4, 5, and 6 correspond to the three phases (or goals) of the evaluation effort. Each
section contains an overview of the approach taken, a description of the results, and a summary.
Section 7 gives follow-up activities plus conclusions and recommendations.




2. SIMULATION DESCRIPTION

The 6.04a logic evaluation was a collaborative effort, in that the data analyzed by Lincoln
Laboratory was produced by the FAATC's TCAS simulation facility. (Note that FAATC also
performed their own analysis of the 6.04a logic. The FAATC analysis is not addressed in this
report.)

2.1 FAST-TIME ENCOUNTER GENERATOR

The FAATC's TCAS simulation facility, referred to as the Fast-Time Encounter Generator
(FTEG), allows execution of large numbers of encounter geometries in a short period of time.
The FTEG consists of two main parts: the CAS logic, and an outer shell that calls the CAS logic
once per second and handles the CAS inputs and outputs. Figure 2-1 shows the basic FTEG
operations.

Because of the large numbers of encounters run (see Section 2.3), only summaries of key
encounter outputs could be recorded. These summary files, called Encounter Recorded Data
(ERD) files, were provided by FAATC to Lincoln Laboratory and were the basis for most of the
Lincoln Laboratory analysis. However, to allow for a more detailed analysis of limited numbers
of encounters, Lincoln Laboratory maintained a duplicate copy of the FTEG. For FTEG runs
done at Lincoln Laboratory, it was possible to obtain a second-by-second print-out of aircraft

position information and CAS logic variables.

Several versions of the CAS logic can reside in the FTEG. For the 6.04a evaluation, logic
versions 6.02, 6.04, and 6.04a were present. TCAS-TCAS encounters were run with all pairwise
combinations of the three logic versions, allowing comparison of 6.04a performance with that of
earlier versions and detection of any interoperability problems between versions.

2.2  CONSTRUCTION OF ENCOUNTERS FOR SIMULATION

The simulated encounters used as inputs to the FTEG were based on, but not limited to,
actual aircraft tracks recorded in United States airspace. The MITRE Corporation [1] generated a
large database of pairwise aircraft encounters from aircraft tracks recorded at ARTS sites
throughout the United States before the introduction of TCAS into the airspace. Using this
encounter database, MITRE defined 10 encounter geometries (Figure 2-2), which encompassed all
of the aircraft maneuvers observed. Each geometry was then divided into two classes, based on
whether or not the aircraft crossed in altitude. The lower-numbered classes (0-9) are those in
which the aircraft cross in altitude. The higher-numbered classes (10-19) are those in which the
aircraft do not cross in altitude. Classes 0/10 share the same geometry, as do classes 1/11,..., 9/19.

For the FTEG simulation, large numbers of encounters were defined for each of the 20
classes by varying key parameters for each of the two aircraft in the encounter. These parameters
included: planned altitude separation at CPA, vertical rate for each aircraft, vertical acceleration for

‘each aircraft, time of acceleration for each aircraft, and altitude band in which the encounter took

place. In the FTEG, the range of values used for aircraft vertical rates and accelerations slightly
exceeded the typical values seen in the airspace. For example, FTEG vertical rates generally varied
from -5000 fpm to +5000 fpm in steps of 2000 fpm, and FTEG vertical accelerations varied from
-0.35g to +0.35g in steps of 0.1g. This was done deliberately in order to try to characterize the
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Figure 2-2. Encounter classes. (0-9 planned crossing; 10-19 planned non-crossing).

performance limits of the CAS logic and to predict problems that could potentially occur.

Parameter variations used for each class are shown in Appendix A, "Scenario Definitions for
TCAS II Testing."

In addition to varying aircraft rates, accelerations, etc., the equipage of each aircraft was
varied, e.g., Mode C, TCAS version 6.02, TCAS version 6.04, and TCAS version 6.04a. In order
to assess CAS logic performance, it was necessary to have the concept of a "planned encounter,"
i.e., an encounter as it would have unfolded if TCAS were not present. This was accomplished by
running a particular geometry with a TCAS non-responding aircraft in an encounter with a Mode
C aircraft. The performance of various TCAS equipages could then be compared to the planned
encounter, to see if TCAS failed to resolve an existing NMAC or induced an NMAC where none
had previously existed.

2.3  PARTITIONING OF SIMULATION EFFORT

In the 6.04a evaluation, because of the large number of encounters defined, there were three
separate FTEG data collection/analysis efforts. The three tables below show the combinations of
logic version and pilot response used in each of the three efforts. An X in a cell means that
particular equipage/response combination was run. For example, in Table 2-1, an x in the 6.02




row and Mode C column means that encounters were run in which Aircraft 1 was equipped with
TCAS version 6.02 and Aircraft 2 was Mode C equipped. For all encounters in Table 2-1, both
TCAS pilots responded properly to the TCAS advisory. In Tables 2-2 and 2-3, there were
encounters in which one pilot did not respond to (ignored) the TCAS advisory. See Appendix B
for a breakdown of the numbers of encounters run in each table.

Versions 6.02, 6.04, 6.04a

Table 2-1

Pilot responding

~ Aircraft 2
Aircraft 1 Mode C 6.02 6.04 6.04a "
Mode C X X X
6.02 | X X X
6.04 X X X
6.04a |t X X X I
Table 2-2
Versions 6.02, 6.04a
Pilot responding/Pilot not responding (PNR)
Aircraft 2
Aircraft 1 Mode C 6.02 6.04a 6.02 PNR | 6.04a PNR
Mode C “ X X
6.02 | X X X
6.04a X X
6.02 PNR X X
6.04a PNRu X X |




Table 2-3

Versions 6.04, 6.04a
Pilot responding/Pilot not responding (PNR)
Aircraft 2 ,
Aircraft 1 Mode C 6.04 6.04a 6.04 PNR | 6.04a PNR
Mode C X X
6.04 X X
6.04a X X
6.04 PNR " X X {
6.04a PNR | X X |

The full Lincoln Laboratory analysis as described in Sections 4, 5, and 6 of this report was

performed only on the Table 2-1 dataset (both pilots responding). Simulation results for the Table
2-2 and Table 2-3 datasets were examined briefly, but because overall performance is quite poor2
when one pilot does not respond to the advisory, it was deemed unproductive to analyze the
encounters in depth. The fact that the pilot did not respond was felt to completely overshadow any
other factors contributing to the poor performance.

Results for the Table 2-2 and Table 2-3 datasets were examined to see if any logic version

was substantially better or worse than any other version when one pilot did not respond to the
advisory. This did not appear to be the case; there was no significant difference in performance
between versions when one pilot did not respond.

Note that when the pilot does not respond to the advisory, the simulation uses the planned maneuver,
which may in some cases result in the aircraft moving opposite to the sense of the TCAS advisory, a
worst-case condition. In the Table 2-2 and 2-3 datasets, with one pilot not responding, up to 35% of the
encounters in some classes resulted in unresolved NMACs and up to 10% of the encounters in some
classes resulted in induced NMACs. (See Section 3.1.1 for definitions of unresolved and induced
NMAGs.) Keep in mind, when discussing NMAC percentages produced by the FAATC simulation, that
the FAATC simulated encounters do not (are not intended to) exactly replicate the statistics of the actual
airspace. As described in Section 2.2, the purpose of the FAATC simulation is to characterize the
performance limits of the CAS logic, to understand under what circumstances CAS functioning breaks

down. NMAC percentages given in this report do not reflect NMAC percentages that would occur in the
real airspace.




3. ANALYSIS PROGRAMS

A block diagram showing the FAATC simulation facility and the Lincoln Laboratory
analysis programs is given in Figure 3-1. There are five main analysis programs, described in
detail in the subsections below. Main inputs to the analysis programs are the FAATC Encounter
Recorded Data (ERD) files. As described in Section 2, Lincoln Laboratory maintained a duplicate
copy of the FAATC simulation, and second-by-second data inputs from the Lincoln Laboratory
simulation were also used by one of the analysis programs.

The performance metric used in all of the analysis programs was the vertical separation
between the two aircraft at CPA. In general, encounters were either acceptable or not acceptable
depending upon whether or not the encounter resulted in an NMAC, or near mid-air collision,
defined as a vertical separation of < 100 feet at CPA. (Horizontal separation for an NMAC is
defined to be < 0.1 nmi, but the FAATC simulations used in this effort assumed zero horizontal
separation, and thus horizontal separation was not a factor.) All of the analysis programs can be
adapted to use a criterion other than the NMAC; and indeed, as described later, in some cases
performance was assessed using a larger vertical separation.

As described in Section 2, a key element in the measurement of performance was the
"planned encounter," i.e., an encounter as it would have unfolded if TCAS were not present. This
planned performance was compared to the performance of various TCAS equipages to determine
if TCAS failed to resolve an existing NMAC or induced an NMAC where none had previously
existed. According to international guidelines, for every 100 existing NMAC:s, the goal is for
TCAS to be able to resolve 90 NMACs without inducing more than 2 NMACs.3 Thus, it is
accepted that TCAS will not be able to resolve all NMACs, but there is a very low tolerance for
TCAS-induced NMAC:s.

Referring to Figure 3-1, a brief summary of the five analysis programs is as follows. The
Matrix Generator Program is the first program run and provides a means for very quickly and
clearly understanding CAS logic performance (in terms of NMACs) as a function of encounter
class (classes 1-20) and equipage pair (6.04a vs. 6.04a, 6.04a vs. 6.02, etc.). In cases where a
detailed analysis is not required or possible, this single program can provide extremely useful
overview performance information, both in absolute terms and in relative terms between the
different logic versions.

The Hot-Spot Program takes the outputs of the Matrix Generator Program and identifies
"hot-spots" or areas of poor performance. These hot-spots are then examined in more detail, first
by the NMAC Characterization Program and then by the NMAC Analysis Program. The NMAC
Characterization Program identifies particular parameters (vertical rate, acceleration, etc.) or
combinations of parameters associated with the hot-spots. The NMAC Analysis Program scans
through the encounter data for each of the hot-spots, providing a summary of key encounter

3 Note, again, that the FAATC simulation results cannot provide a direct measure of TCAS performance

with respect to the international goals because the FAATC simulated encounters are not weighted
according to their occurrence in the real airspace.
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elements, e.g., the sequence of advisories for each aircraft, timing delays in the issuing of
advisories, etc.

Finally, the Performance Statistics Program is run on all of the input data. This program
provides statistics on the frequency and performance of altitude crossing advisories.

3.1 MATRIX GENERATOR PROGRAM

The purpose of the Matrix Generator Program is to provide an easy-to-read summary of
the number of NMACs as a function of encounter class and equipage pair and to provide a
description of key parameters associated with those NMACs. Specifically, the Matrix Generator
Program reads ERD files and generates two sets of outputs: NMAC tables and parameter files.
The Matrix Generator Program is unique among the five Lincoln Laboratory analysis programs in
that it was coded at FAATC based on Lincoln Laboratory specifications. The other four analysis
programs were produced solely by Lincoln Laboratory.

3.1.1 NMAC Tables

There are five NMAC tables, or matrix tables, for each encounter class. The Matrix
Generator Program generates these tables according to the scheme shown in Figure 3-2. First, the
TCAS encounters for each class are divided into two groups: those whose corresponding planned
encounter resulted in an NMAC and those whose corresponding planned encounter did not result
in an NMAC. From the first group (planned NMACs), the program then looks at the vertical
separations produced when the aircraft in the encounters are equipped with TCAS. The encounters
are then divided into three subgroups:

A:  neither aircraft had a resolution advisory (RA), but an NMAC resulted (TCAS had a
missed detection);

B:  atleast one aircraft had an RA, but still an NMAC resulted (TCAS couldn't resolve
the original bad situation);

C. at least one aircraft had an RA, but there was no NMAC (TCAS resolved the
original bad situation).

From the second group (planned non-NMAC:s), the program then looks at the vertical
separations produced when the aircraft in the encounters are equipped with TCAS. The encounters
are then divided into three subgroups:

D:  neither aircraft had an RA, and there was no NMAC (TCAS correctly did not
perceive there to be a problem);

E: at least one aircraft had an RA, and there was an NMAC (TCAS induced an
NMACQC);

F: at least one aircraft had an RA, and there was no NMAC (TCAS issued a "nuisance"
RA).

From the six subgroups, five tables are formed:
Table 1 = subgroup A (unresolved NMACs with no RA, i.e., missed detections),
. Table 2 = subgroup B (unresolved NMACs with at least one RA)

13




TCAS ENCOUNTERS IN WHICH
CORRESPONDING PLANNED
ENCOUNTER RESULTED
IN NMAC

Y

Y

TCAS ENCOUNTERS IN WHICH
CORRESPONDING PLANNED
ENCOUNTER DID NOT RESULT
IN NMAC

v

Y

NEITHER AIRCRAFT AT LEAST ONE NETHER AIRCRAFT AT LEAST
HAD RA (MISSED AIRCRAFT HAD RA HAD RA ONE AIRCRAFT
DETECTION) 7 HAD RA
NMAC NMAC NO NO NMAC NO NMAC
(UNRESOLVED)| | (UNRESOLVED) NMAC NMAC (INDUCED) (NUISANCE)
(A) (B) (©) (D) (E) (F)
Table x.1: | number of unresolved NMACs with neither aircraft having an RA

(missed detections) (A)

Table x.2: | number of unresolved NMACs with at least one aircraft having an RA (B)
Table x.3: | total number of unresolved NMACs (A+B)

Table x.4: | number of induced NMACs (E)

Table x.5: | number of nuisance RAs (F)

Figure 3-2. Scheme for generating NMAC tables.
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Table 3 = Table 1 + Table 2 = total number of unresolved NMAC:s.
Table 4 = subgroup E (induced NMACs)
Table 5 = subgroup F (nuisance RAs)

Tables are labeled based on the encounter class and table number, e.g., Table 1.4
corresponds to class 1, induced NMACS. Generally, out of the five tables, tables 3 and 4,
unresolved NMACs and induced NMACs, were used most frequently. Table 5, nuisance RAs,
would require a larger vertical separation threshold to be of use. Currently, in Table 5, an RA is
considered a nuisance RA if the vertical separation between the two aircraft is as little as 101 feet!
Any further analysis of Tables x.5 should be postponed until a better definition of nuisance RA has
been developed and new Tables x.5, based on the new definition, have been generated.

A sample table, Table 19.4, is shown in Figure 3-3. (Class 19 is the class in which the
Seattle encounter occurs.) Note that the logic version "6.05" appears in the row and column labels.
For compatibility with FAATC, some programs use the term "6.05" instead of "6.04a;" FAATC
did this to more easily automate switching among logic versions. Throughout this report, the term
6.05 should always be considered equivalent to 6.04a. Note also that the table header refers to
"simulation truth." The determination of an NMAC uses "true" simulation altitudes, i.e., the
simulation's altitude inputs to the CAS logic, not the CAS tracked altitudes. Because of this, the
Matrix Generator Program generates the NMAC tables with the results of the FTEG simulation
from only one aircraft point of view, since simulation truth is the same for both aircraft points of
view.

As shown in Figure 3-3, the number of planned TCAS-TCAS encounters is twice the
number of planned TCAS-Mode C encounters, since in the TCAS-TCAS encounters, Mode S ID
is varied and each geometry is run first with Aircraft 1 having the low Mode S ID and then with
Aircraft 2 having the low Mode S ID. The varying of ID is necessary because the CAS air-to-air
coordination logic differs slightly based on Mode S ID. If both aircraft select the same sense RA,
the Jow ID aircraft prevails and the high ID aircraft must reverse sense. In some circumstances,
the high ID aircraft delays up to three seconds in displaying an RA in order to guard against the
pilot of the high ID aircraft seeing a coordination-induced reversal.

A full set of 100 NMAC tables (20 classes, 5 tables per class) is given in Appendix C.

3.1.2 Parameter Files

The parameter files provide a quick summary of parameter values for each of the NMAC
encounters. Each line in a parameter file corresponds to one encounter. Since there is too much
data to print each line on a single page, the lines have been broken up into three parts. Appendix D
contains a complete description of the parameters in all three parts, as well as a sample parameter
file printout for class 9/19.

32 HOT-SPOT PROGRAM

The purpose of the Hot-Spot Program is to identify areas of concern, defined as matrix
table cells for which either: (1) logic versions 6.04 and/or 6.04a have more than twice the number
of NMACs as version 6.02, or (2) both pilots respond properly to the advisories, yet more
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than 2% of the encounters result in NMACs. Matrix table cells that satisfy the criteria in items (1)
or (2) are said to be "type 1 hot-spots" or "type 2 hot-spots,” respectively.

The outputs of the Hot-Spot Program are a compressed form of the NMAC tables called
summary NMAC tables. The summary NMAC tables have the same table numbers as the
NMAC tables from which they are derived, but there are only two summary NMAC tables per
encounter class (tables x.3 and x.4, unresolved and induced NMACs), instead of five, as in the
original NMAC tables. In addition, the numbers in the summary NMAC tables are not raw
counts, but rather percentages (percentage of NMAC encounters out of the total number of
encounters run) to allow for easy recognition of type 1 and/or type 2 hot-spots.

A full set of 40 summary NMAC tables (20 classes, 2 tables per class) is given in
Appendix E.

3.2.1 Summary NMAC Tables

Figure 3-4 shows a sample summary NMAC table, Summary NMAC Table 19.4, which
-combines the cells from NMAC Table 19.4, shown in Figure 3-3. The formulas for deriving the
numbers in the summary NMAC tables are as follows. Let N; be the normalizing number for
TCAS-Mode C cells in an NMAC table, and let N, be the normalizing number for TCAS-TCAS
cells. (Note that N, =2*N; ) Let ajj be the entry in the i-th row and j-th column of an NMAC
table, and let bjj be the entry in the i-th row and j-th column of a summary NMAC table. Then bjj
is derived as follows in Figures 3-3 and 3-4.

b11 = a2/N2*100 b12 = a33/Ny*100 b13 = a44/N2*100
bi4 = (a3+a3)/(2*N2)*100 b5 = (apa+ag2)/(2¥N2)*100  bje = (a34+2a43)/(2*N2)*100
bz1 = (a12+a21)/(2*N1)*100  bop = (ay3+a31)/(2¥N)*100 bz = (aj4+as)/(2*N1)*100

3.2.2 Type 1 Hot-Spot

As described above, the basic definition of a type 1 hot-spot is that logic versions 6.04
and/or 6.04a have more than twice the number of NMACs as version 6.02, the baseline version.
An additional requirement is that the number of NMACs be large enough to be significant, defined
generally as 1 percent of the encounters run. This significance threshold can be changed as
desired. For example, in some of the analyses performed, Lincoln Laboratory generated NMAC
tables and summary NMAC tables using non-standard NMAC definitions (e.g., 200 feet and 300
feet). In these cases, the number of NMACsS increased dramatically, and the significance threshold
was increased to 2%.

The word "twice" in the statement, "versions 6.04 and/or 6.04a have more than twice the
number of NMACs..." is called the ratio threshold. Table cells that satisfy the ratio threshold
criteria are indicated in Figure 3-4 by double asterisks (**). Table cells that also satisfy the
significance threshold criteria are indicated by double greater-than signs (>>). Thus, type 1 hot-
spots are indicated in the summary NMAC tables by the symbols **>>.
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TCAS Logic Version 6.04a; All aircraft responding. June 1994

Table 19.4

Number of induced NMACs
(based on simulation truth)

Normalizing number* for TCAS-Mode C cells: 4008
Normalizing number* for TCAS-TCAS cells: 8016
(*number of planned encounters that did not result in an NMAC,

MITRE encounter class: 19 "planned=NON CROSSING" Date processed: 6/21/94
\
|
|

based on simulation truth)

Aircraft 2

A Mode C 6.02 6.04 6.05
i Mode C —_— 48 132 115
Z 6.02 69 197 194 101
; 6.04 68 223 233 105
: 6.05 35 140 176 36

1

Figure 3-3. Sample NMAC table.
MITRE encounter class: 9, 19 Date processed: 6/23/94

Based on FAA Technical Center data of : 3/25/94 All TCAS Responding

Failure : separation at CPA <= 100 ft based on simulation truth

Ratio threshold (**) = 2.00 Significance threshold (>>) = 1.0
Table 19.4 - Percent of induced failures
6.02 6.04 6.04A 6.02 / 6.02 / 6.04 /
only only only 6.04 6.04A 6.04A
) TCAS~TCAS 2.458 2.907 0.449 2.601 1.503 1.753
One Mode C 0.961 2.495 1.871 — —_ —
* % >>

Figure 3-4. Sample NMAC summary table.




3.2.3 Type 2 Hot-Spot

A type 2 hot-spot occurs when both pilots respond properly to the advisories, yet more
than 2% of the encounters result in NMACs. Because in the dataset being evaluated, all pilots
responded properly, any cell in the summary NMAC tables with a number greater than 2 is a type
2 hot-spot. Special attention was given to type 2 hot-spots in tables x.4, i.e., induced type 2 hot-
spots. In these table cells, TCAS took an originally benign situation and induced (caused) an
NMAC in more than 2% of the encounters.

3.3 NMAC CHARACTERIZATION PROGRAM

The purpose of the NMAC Characterization Program is to identify particular parameters
(vertical rates, accelerations, etc.) or combinations of parameters associated with the hot-spots.
There are two variations of the NMAC Characterization Program. The first variation looks at the
NMAC:s occurring in a particular matrix cell and determines the frequency of certain parameters or
parameter combinations. The second variation looks at the NMACs occurring in a particular
matrix table and determines which NMACs are common to which versions of the logic. The
programs may be most easily understood by the two examples below.

3.3.1 NMAGC:s as a Function of Parameter Values

The first program variation determines the frequency of certain parameters or parameter
combinations associated with a given set of NMACs. For example, consider class 19. As shown
in Table 3-1 (taken from Appendix A), there are eight parameters in class 19.

Table 3-1

Class 19 Parameter Variations

Parameter Range Step Size No. of Steps
alt sep @ CPA -1000, 1000 ft 250 9
vertical rate 1 1000, 5000 fpm 2000 3
vertical rate 2 -5000, 5000 fpm 2000 6

vert accel 1 -15,-.05 A 2

vert accel 2* .05, .35 A 4
time accel 1 25 sec 1
time accel 2 20, 30 sec 5 3

alt 1 at CPA 3700, 7500 ft 3800 2

*

Sign of acceleration is opposite sign of vertical rate

Now look at Table 19.4 (Figure 3-3) and at a particular cell (4,4) in that table, i.e., Class 19,
induced NMAC:s, versions 6.04a/6.04a. The table shows that there were 36 NMAC:s in that cell.

Figure 3-5 shows an output from the first NMAC Characterization Program corresponding
to that same cell. Note that the headings on the top right of the table correspond to the eight
parameters in Table 3-1 above. For each of the eight parameters (plus a ninth - Mode S ID), the

18




output shows the frequency with which particular parameter values occurred in the 36 NMACs.
For example, looking at the column labeled "count,"” we see that of the 36 NMACs, there were 16
in which Aircraft 2 had the higher Mode S ID and 20 in which Aircraft 1 had the higher Mode S
ID. Likewise, moving down the column, we see that 2 of the NMACs had a planned separation of
1000 feet, 6 had a planned separation of 500 feet, 9 had a planned separation of -750 feet, and 19
had a planned separation of -500 feet. This type of output shows quickly whether any parameter
value was especially troublesome.

The program next looks at all possible combinations of parameter values taken two at a
time, and determines the number of times each parameter pair occurs, e.g., how many times an
NMAC occurs with both aircraft having vertical rates of, say, 5000 fpm. The program then looks
at all possible combinations of parameter values taken three at a time, then four at a time, etc. The
print-outs from each program iteration allow quick recognition of parameter combinations
responsible for a significant proportion of the NMACs.

Appendix F lists NMACs as a function of parameter values for all classes, tables x.3 and

x.4 (unresolved and induced NMACs), 6.04a/6.04a. Only the case of parameters taken one at a
time is included.

3.3.2 NMAG: as a Function of Logic Version

The second program variation looks at the NMACs occurring in a particular matrix table
and determines which NMACs are common to which versions of the logic. For example, in
Table 19.4 (Figure 3-3), the 6.04/6.04 cell shows 233 NMACs, while the 6.04/6.04a cell shows 36
NMACs. This program allows us to answer questions such as, "Are the 36 6.04a/6.04a NMACs
a subset of the 233 6.04/6.04 NMACs? Did the 6.04a logic introduce new NMACs not present in
the 6.04 logic?"

Appendix G lists NMAC:s as a function of logic version for all classes, tables x.3 and x.4
(unresolved and induced NMAC:s), versions 6.04/6.04 and 6.04a/6.04a.

34 NMAC ANALYSIS PROGRAM

The purpose of the NMAC Analysis Program is to understand why an NMAC occurred
for one particular TCAS equipage pair and not another, e.g., why a 6.04a/6.04a encounter had an
NMAC but a 6.02/6.02 encounter did not. The program output is a set of encounter summaries,
giving key information about the motion of both aircraft, the CAS logic thresholds in use, the
specific event that triggered the RA, and the sequence of RAs. For the 6.04a analysis, three sets of
encounter summaries were always printed together, allowing quick comparison of the differences
between logic versions 6.02, 6.04, and 6.04a.
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34.1 RA Trigger Program

As a part of the NMAC Analysis Program, an RA Trigger function was run for each
aircraft to determine what test in the CAS threat logic was the last test to be satisfied, i.e., what test
triggered the issuing of the RA. This information can be useful in understanding the timing of an
encounter, in particular why one version of the logic issued an RA much earlier or later than
another version.

The basic conditions for triggering an RA are satisfied when two tests (range and altitude)
are satisfied in the CAS logic [2], as illustrated in the flowchart in Figure 3-6. Both tests use the
concept of tau, or "time to closest approach.” The range test requires that TAUR (a modified form
of the range tau) be less than TRTHR (range tau threshold). The altitude test can be passed by
following one of the three paths illustrated. These paths compare the values REL_Z (relative
altitude between the two aircraft), PVMD (predicted vertical miss distance), TAUV (vertical tau),
and HMD (horizontal miss distance) to the thresholds ZTHR (altitude threshold), TVTHR
(vertical tau threshold), and DMOD (modified distance threshold) and the value TRTRU (true
range tau, i.e., range/range rate). See Appendix H for a summary of CAS thresholds, layers, and
sensitivity levels.

Even when both the range test and altitude test are satisfied, the RA may not be issued
immediately because one of a number of delays may be in effect. For example, there can be a
delay of up to three seconds in posting an RA in the higher-ID aircraft in a coordinated encounter.
The list of possible delays is shown as a part of the Encounter Summary field descriptions in
Figure 3-8.

3.4.2 Encounter Summaries

A sample set of three encounter summaries is shown in Figure 3-7 with a description of
the fields in Figure 3-8.

A brief look at the encounter summaries illustrates the kinds of information quickly
provided. First, by looking the first line, fourth field of each summary (achieved vertical
separation), one can tell immediately that version 6.02 did not have an NMAC (achieved
separation = 1004.89 feet), while both versions 6.04 and 6.04a had NMACs (achieved separation
= -28.78 feet). Looking at the fourth and fifth lines, in version 6.02, AC2 issued an RA ("limit
climb to 2000 fpm") at time 34 seconds (26 seconds prior to CPA, which occurs at 60 seconds),
and AC1 issued an RA ("maintain climb") at time 38 seconds. The RAs were non-crossing, i.e.,
did not cause the aircraft to cross in altitude. In contrast, in both versions 6.04 and 6.04a, the RAs
came much later, at times 44 seconds and 46 seconds for AC1 and AC2, respectively. (This was
due to the smaller 6.04 and 6.04a tau values (TAUR, TAUV) and smaller altitude threshold value
(ZTHR); see second line.) By time 44 seconds, the geometry was significantly different from that
at 34 seconds, and with version 6.04 and 6.04a both aircraft issued crossing commands (AC1
issued a "descend" RA, later changed to an "increase descend," and AC2 issued a "climb" RA,
later changed to an "increase climb.")




Range Test: TAUR < TRTHR
and
Altitude Test:
or
IREL_ZI < ZTHR IREL_ZI > ZTHR
and and
IPVMDI < ZTHR IREL_Z ratel < ZDTHR
TAUV < TVTHR
and
or
PASSED ¢ #
Path 1 IPVMDI < ZTHR IPVMDI > ZTHR
and
TAUV < TRTRU
PASSED
Path 2 PASSED
Path 3

Figure 3-6. CAS logic conditions for triggering an RA.
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3.4.3 Encounter Plots

To aid in the interpretation of the encounter summaries, encounter plots were also
produced. A shell program was written to automatically operate the Lincoln Laboratory version of
the FTEG simulation. For a specified encounter, the shell program made calls to FTEG and
produced immediate hard-copy output of the second-by-second encounter summaries from each
aircraft point of view. Variations of the shell program were also used to analyze the effects of
variations in pilot response delays, run selected encounters geometries (e.g., Seattle encounters),
and extract aircraft altitude and altitude rate histories.

Figure 3-9 shows the output of the basic version of the shell program. Here, second-by-
second position information is shown for the 6.04a encounter described in Figure 3-7. ACl is
shown starting from the left side of the page with AC1 time along the bottom of the plot. AC2 is
shown starting from the right side of the page with AC2 time along the top of the plot. The RAs
issued are superimposed on the aircraft position. As you can see from the plot, AC2 was climbing
and had just begun to level off when the climb RA was issued, i.e., the RA was opposite to the
intended direction of the aircraft. With a pilot response delay of 5 seconds, there was not enough
time to regain the climb momentum and achieve adequate separation.

The encounter summaries and encounter plots were used throughout the 6.04a analysis
effort to quickly understand the essence of the encounters.

3.5 PERFORMANCE STATISTICS PROGRAM

The purpose of the Performance Statistics Program is to provide statistics on the frequency
and effectiveness of altitude crossing advisories. Figure 3-10 shows a sample output from the
Performance Statistics Program for class 19. Performance statistics for the full 20 classes are
given in Appendix L

As shown in Figure 3-10, for each TCAS equipage, there are eight statistics computed:
(1) the percentage of encounters that produced RAs;

(2)  the percentage of RAs that were crossing RAs;

(3) the percentage of encounters that produced crossing RAs;

(4) the percentage of crossing RAs that resulted in NMACs;

(5)  the percentage of NMACs that were crossing RAs;

(6) the percentage of encounters that resulted in NMAC:s;

(7)  the average warning time in seconds (time of CPA minus time of RA);

(8) the average altitude separation at CPA in feet.

Remember that class 19 is defined as a non-crossing class (i.e., the aircraft do not plan to
cross in altitude), but as shown in the second row, for version 6.02 nearly 40% of the RAs issued
were crossing RAs. Note also that in the fifth row, for most of the equipage pairs, 100% of the
NMACs were crossing RAs. This type of information was important in the 6.04a evaluation
effort and is discussed in detail in section 4.2.1.
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Looking at the header information in Figure 3-10, two items need explanation: lines 3

and 4, which state, "Total TCAS-TCAS runs for both points of view : 279616," and "Total
incorrectly labeled RAs : 320." According to Appendix A, there were a total of 139,968 TCAS-
TCAS encounters run in classes 9/19. (139,968 = 7776 (the number of variations that result from
varying the eight class parameters) x 18 (the number of different TCAS-TCAS equipages).
Results in Figure 3-10 are given for both aircraft points of view, hence 279,936 total runs
processed. Of these, there were 320 encounters in which the determination of "crossing RA" was
deemed ambiguous*. These encounters were not used, resulting in a total of 279,936 - 320 =
279,616 runs used in Figure 3-10.

4

The explanation for the ambiguity in determining crossing RAs is as follows. An RA is considered to be
non-crossing from own aircraft point of view if, at the time that own aircraft selects an RA sense, own
tracked altitude (zown) and intruder tracked altitude (zint) are within 100 feet. In addition, an RA is
considered to be crossing from own aircraft point of view if, at the time that own aircraft selects an RA
sense, either:

(1) zown > zint and the sense of the RA is descend
or
(2) zown < zint and the sense of the RA is climb.

For some of the encounters in the FAATC simulation, there was an early "potential RA" that did not
develop into an RA. That is, the range and altitude tests had passed and the intruder had qualified as a
threat, but the RA was being delayed for some reason (e.g., track firmness). However, by the time the
delay was completed, some threshold had changed (perhaps own aircraft had climbed into a higher
altitude layer with larger tau values) and the intruder was no longer considered a threat. Then, sometime
later in the encounter, the range and aititude tests passed again, and this time an RA was issued.

The problem occurs because the values of zown and zint are not recorded in the ERD files each second.
They are recorded only at a few key times, one time being the time of the first RA. In these "ambiguous"
encounters, the values of zown and zint were recorded at the time of the early potential RA and not at the
time of the real RA. Thus, we had no recorded data to use to perform the crossing/non-crossing tests
described above. Therefore, these encounters were simply thrown out.
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MITRE encounter classes: 9,19 Date processed: 6/23/94
Based on FAA Technical Center data of: 6/20/94
Total TCAS—TCAS runs for both points of view : 279616
Total incorrectly labelled RaAs : 320
Class 19 TCAS — TCAS Both Responding
! 6.02 | 6.04 | 6.04An | 6.02 /| 6.02 /| 6.04/
| only | only | only | 6.04 | 6.04A | 6.04A
RAs/ | | | | | | |
runs (%) 1 84.76| 71.041{ 70.59] 79.99] 79.71| 70.661
Crossing RAs/| | N | ! l !
RAs )1 39.68| 32.95] 22.94| 35.84| 32.19] 28.92|
Crossing RAs/| i | | | | |
runs (%) 33.63} 23.41] 16.19]| 28.67| 25.66| 20.43}%
Cr. RA NMACs/| | | | | | |
cross RAs (%) 6.83| 11.58/{ 2.52} 8.47| 5.42] 7.90]|
Cr. RA NMACs/| 1 I | l | 1
NMACs* (%) 1 100.001 100.00} 100.00¢ 100.00]| 99.58]{ 99.64|
NMACs*/ | | 1 | | | |
runs (%) 1 2.301 2.71| 0.411 2.43| 1.40} 1.62]
Avg warning | | { | { | |
time** (sec)| 21.70] 19.801 20.68| 21.311 21.82] 20.20]1
Avg alt sep | 1 | | | | !
at CPA* (ft)| 937.48]| 863.74| 970.62| 917.05| 972.811| 911.84|

* NMACs and average alt.
** Average warning time includes negative

sep. at CPA are

based on simulation truth

times (ie, RA occurs after CPA)

Figure 3-10. Performance Statistics Program, Class 19.
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4. ANALYSIS - PHASE 1

41 DESCRIPTION

The purpose of the Phase I evaluation was to compare logic versions 6.04 and 6.04a to
determine if the 6.04a changes had produced the expected improvements and if any new problems
had been introduced. The procedure was to first focus on those areas of the logic that had changed
in 6.04a and examine the corresponding outputs to see if the expected improvements had
materialized. The second effort involved doing a quick overview of all of the classes to see if there
were any areas of performance degradation with the 6.04a logic.

There were three main changes made to the 6.04 logic to produce the 6.04a logic, all related
to altitude crossing RAs. As stated in reference [3], they were:

o A modification to declare an intruder a threat if, having already qualified in range, it
and own aircraft are projected to cross altitudes within the vertical time threshold,
even if the aircraft are projected to cross by more than ZTHR ft. This will result in
possible early selection of a non crossing RA.

. A modification to permit the Altitude Separation Test (formerly the 600 ft Rule) to
operate in all encounter geometries (not just when the TCAS aircraft is level) and for
all threat equipages (TCAS, non-TCAS). The threshold will remain at 600 ft for
encounters where either own or the intruder is level, or have vertical rates of the
same sign. For encounters involving aircraft having opposite sign vertical rates, the
threshold is set to 850 ft to provide additional warning time. These modifications
will serve as a very strong bias against issuing RAs to cross altitudes.

. A correction of an error that permitted the logic to reduce a higher displayed vertical
rate to 2500 feet per minute (fpm) if own aircraft slackened its rate below 2500 fpm.
This correction will ensure that the logic continues to display the proper rate-to-
maintain in those situations where crossing is necessary rather than displaying a
reduced rate that may not adequately resolve the encounter.”

Thus, the first two changes were intended to reduce the likelihood that an altitude crossing
RA would be issued. The third change corrected a logic error, so that if a crossing RA were
issued, the RA would be more likely to work, i.e., the encounter would be more likely to result in
safe separation. The effect of each of these three modifications could be easily checked using the
Lincoln Laboratory analysis tools.

42  RESULTS

4.2.1 Seattle Encounter

The Seattle geometry had been the impetus for the 6.04a logic, and thus the first (and most
important) evaluation step was to verify that the 6.04a logic correctly handled the Seattle geometry.
As stated in Section 1.1.3 and shown in Figure 1-1, a Seattle encounter involves two TCAS-
equipped aircraft with opposite sign vertical rates, intending to level-off 1000 feet apart. To
correctly handle the Seattle geometry meant that the 6.04a logic, at best, would issue no altitude
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crossing RAs, or at worst, would correctly resolve any crossing RAs issued. There would be no
cases in which the pilots responded properly yet adequate separation was not achieved.

The Seattle geometry is a subset of class 19, the class in which both aircraft start with a
vertical rate and both level-off. The Seattle subset limits the encounters to those in which the two
aircraft have opposite sign vertical rates and the planned altitude separation at CPA is 1000 feet.
Using the Lincoln Laboratory copy of the FTEG simulation, Lincoln Laboratory ran over 75003
variations of the Seattle encounter. The results are shown in Figure 4-1, an output from the
performance statistics program.

The most important piece of information in Figure 4-1 is in the second row. Note that for
versions 6.02 and 6.04, approximately 30% of the RAs issued were crossing RAs. For 6.04a, not
a single crossing RA was issued. Likewise, as shown in row 6, both versions 6.02 and 6.04 had
approximately 6% of the runs result in NMACs, while version 6.04a had no NMACs. This
shows that, for the FTEG dataset, 6.04a completely resolved the Seattle encounters.

4.2.2 Other Classes With Crossing RA NMACs

There were other geometries in addition to the Seattle geometry in which (with versions
6.02 and 6.04) crossing RAs were being issued in planned non-crossing encounters with resulting
NMAGCs. The most susceptible geometries were those in which at least one of the aircraft started
with a vertical rate and then leveled-off. Looking at Figure 2-2, we see that this applies in four of
the 20 classes: 13, 16, 18, and 19. Class 17 also exhibited some of this susceptibility.

From the matrix generator program, histograms (Figure 4-2) were generated showing the
number of induced NMACs for versions 6.04 and 6.04a for these five classes. The first thing to
note is the substantial reduction in NMACs with version 6.04a. (In class 19, remember that 6.04a
resolved all of the Seattle encounters, not all of the class 19 encounters. The remaining NMACs in
class 19 were generally those in which the planned separation between the aircraft was 500 or
750 feet.) In all five classes, there were only three encounters (out of hundreds of thousands of
encounters) in which the planned separation was 1000 feet and an NMAC resulted. (These three
encounters are examples of one specific geometry that is discussed in Section 7.1. Plots are
shown in Appendix K.)

In order to more fully understand the effect of the three 6.04a logic changes on classes 13,
16, 17, 18, and 19, the performance statistics program was used to determine how much of the
6.04a performance improvement was due to the fact that crossing RAs were issued less frequently
and how much improvement was due to the fact that crossing RAs were more likely to work
when they were issued.

5 From the scenario definitions in Appendix A, there are 432 variations of the Seattle encounter that result
from varying the class parameters (vertical rates, accelerations, etc.). Multiplying 432 by the number of
different TCAS-TCAS equipage pairs (18) gives 7776 different Seattle encounters. Results in Figure 4-1
are given for both aircraft points of view, hence 15,552 total runs processed. Of these, there were 31 runs
in which the determination of "crossing RA" was deemed ambiguous (see Note, Section 3.5). These
encounters were not used, resulting in a total of 15,521 runs used in Figure 4-1.
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Table 4-1 summarizes some of the performance statistics outputs. As shown in row 1, in
all five classes, the two logic versions produced essentially the same percentages of RAs. As
shown in row 2, in all classes except class 17, some improvement resulted from the fact that there
were fewer crossing RAs (xXRAs) issued. This improvement ranged from class 13, in which the
ratio of crossing RAs to RAs dropped from 19% to 15%, a factor of 1.3 improvement, to class 16,
in which the ratio of crossing RAs to RAs dropped from 24% to 14%, a factor of 1.7
improvement. The more dramatic improvement occurred, however, from the fact that when
crossing RAs were issued, they were more likely to work. As shown in row 3, this improvement
ranged from a factor of 1.4 for class 17, in which the ratio of NMACs to crossing RAs to RAs
dropped from 24% to 17%, to a factor of 13 for class 16, in which the ratio of NMAC:s to crossing
RAs dropped from 4% to 0.3%.

These results are very positive. The 6.04a logic appears to indeed be operating thus far as
intended. However, one issue relevant to Table 4-1 must be mentioned. Some variation has been
reported [4] in the ability of aircraft displays to display the correct vertical rate in high-rate
encounters. Table 4-1 shows that the logic now properly computes the required vertical rate-to-
maintain in crossing encounters. But if the display cannot properly communicate this information
to the pilot, then 6.04a will still induce an undesirable number of NMACs because, as shown in
row 2, there are still crossing RAs being issued. Aircraft display capability is the subject of a CRF
(Change Request Form) for TCAS version 7.0.

Table 4-1

Performance Improvement Breakdown

Class 13 Class 16 Class 17 Class 18 Class 19

6.04 | 6.04a | 6.04 | 6.04a ] 6.04 | 6.04A] 6.04 | 6.04A | 6.04 | 6.04A

RAs/runs 59% | 59% | 78% | 78% | 72% | 72% | 79% | 79% | 71% | 71%

xRAs/RAs 19% | 15% | 24% | 14% | 2% 2% | 17% | 11% | 33% | 23%

NMACs/xRAs | 4% 1% 4% | 03% | 24% | 17% | 3% 2% 12% | 3%

4.2.3 Overview of All Classes

As shown in sections 4.2.1 and 4.2.2, the 6.04a logic changes produced the desired effects
in reducing the number of NMACs due to crossing RAs in planned non-crossing geometries. The
next step was to briefly examine the performance of 6.04a relative to 6.04 in all encounter classes
to look for any 6.04a performance degradation.

Using the NMAC Characterization Program, we looked at the unresolved and induced
NMAC:s (tables x.3 and x.4) for all 20 classes for the two cells 6.04/6.04 and 6.04a/6.04a. All of
the NMACs in the two cells were examined to see which NMACs were common to the two
versions and which NMACs were unique to either version 6.04 or 6.04a. Figures 4-3 and 4-4
show all of the tables for which there was any difference in the operation of 6.04 and 6.04a. That
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is, in all other x.3 and x.4 tables, the NMACsS in cell 6.04/6.04 were the identical to the NMAC:s in
cell 6.04a/6.04a.

Figure 4-3 uses the standard NMAC (100-ft separation at CPA) as the performance metric.
Figure 4-3 uses a 200-ft separation as the performance metric. Throughout the evaluation effort, it
was standard practice to use both 100-ft and 200-ft separations, and sometimes a 300-ft separation,
to ensure that nothing substantially different happens when a different standard of performance is
used. The thinking was that achieved separations of 100-200 feet, while not NMAUC:s, are still less
than the TCAS separation goal and warrant concern. Because the shapes of Figures 4-4 and 4-5
are almost identical (just different by a factor of 2), the conclusion was that nothing substantially
different occurs (no new areas of concern appear) when a larger performance metric is used.
Therefore, a detailed examination was done only of Figure 4-3.

Four things stand out immediately in Figure 4-3:

(1)  Out of the 40 tables examined (20 classes, tables x.3 and x.4 for each class), only 11
tables had differences in NMACs between versions 6.04 and 6.04a. Of these 11
tables, all but one (6.3) are tables of induced NMAC:s, i.e., tables x.4.

(2) Looking at tables 6.3 and 6.4, we see that for class 6, version 6.04 had more induced
NMAC S and version 6.04a had more unresolved NMACs.

(3) In all of the tables shown except two (16.4 and 17.4), 6.04a introduced some new
NMACs that were not present with 6.04.

(4) There are three tables in which_ 6.04a performance was worse than 6.04 (6.3, 7.4,
and 9.4).

Regarding item (2), the trade-off between unresolved and induced NMACs in versions
6.04 and 6.04a can be explained by (and is an excellent example of) the first two 6.04a
modifications listed in Section 4.1. All of the class 6 unresolved NMACs unique to version 6.04a
(see table 6.3, second bar) have a planned separation of O feet. In this encounter, 6.04a
modification 2 comes into play. Both versions of the logic select a crossing RA. Version 6.04a
holds off issuing the RA because of the altitude separation test, waiting for the aircraft to come
within 850 feet of each another. The RA then comes too late to be effective. Version 6.04 does
not use the altitude separation test in this geometry. Here, the RA comes earlier and provides
adequate separation.

All of the class 6 induced NMACs unique to version 6.04 (see table 6.4, first bar) have a
planned separation of -250 or -500 feet. In this encounter, 6.04a modification 1 comes into play.
The threat is projected to cross in altitude, but with more than ZTHR projected separation. Version
6.04a goes ahead and issues a non-crossing RA early. Version 6.04 waits until the projected
separation drops below ZTHR and gives a crossing RA too late to be effective. The bottom line is
that this trade-off between unresolved and induced NMACS is understood, and the trade-off is in
the right direction. That is, given a choice between types of NMACs, we would like 6.04a to have
unresolved NMACs rather than induced NMACs.

Regarding item (3), all of the new NMACs introduced by version 6.04a were examined by
the NMAC Characterization Program. All of the new NMACs were very slight variations of
existing NMACs, i.e., no new situations were introduced by 6.04a.
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Appendix J.

4.3

Regarding item (4), the new NMACs in tables 7.4 and 9.4 were examined to see why
6.04a produced more NMACs than 6.04. Like the NMAC:s in table 6.3, the 7.4 and 9.4 NMACs
were readily explained by the 6.04a modifications described in section 4.1. The introduction of a
very small number of new NMAGC:s in these tables was considered acceptable in exchange for the
great improvement in other tables. The new 7.4 and 9.4 NMACs are described in detail in

SUMMARY

The results of the Phase I evaluation were as follows:

(1)
2)

3)

4)

The version 6.04a logic resolved all Seattle-type encounters in the database.

Version 6.04a greatly reduced the number of induced NMAC:s in all rate-to-level
non-crossing geometries. There were fewer crossing RAs issued in each of these
geometries and also better results from the crossing RAs that were issued.

Note - For aircraft displays that cannot properly display the required vertical rate-to-
maintain, there will be less reduction in the number of induced NMAC:s.

Version 6.04a had slightly more NMACs than 6.04 in 3 out of 40 NMAC tables (20
classes, unresolved and induced NMACs). These increases were not considered
significant.

There were no 6.04/6.04a interoperability problems seen. In all tables except one,
the intermix (6.04/6.04a or 6.04a/6.04) performance fell between that of the
corresponding single versions (6.04/6.04 or 6.04a/6.04a). In one table (9.4) the
intermix performance was slightly better.
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5. ANALYSIS - PHASE II

5.1 DESCRIPTION

The purpose of the Phase II evaluation was to do a general evaluation of the 6.04a logic,
using all of the Lincoln Laboratory analysis programs, to detect and explain any areas of poor
performance. As described in Section 3.2, the term "areas of poor performance” was defined by
the Hot-Spot Program to be any matrix table cells for which either: (1) logic version 6.04a had
more than twice the number of NMACs as version 6.02, the baseline version; or (2) both pilots
responded properly to the advisories, yet more than 2% of the encounters resulted in NMACs.
Once the Hot-Spot Program had pinpointed these cells, then the NMAC Characterization Program,
the NMAC Analysis Program, and the Performance Statistics Program were used to understand
the causes and significance of the poor performance. '

52 RESULTS

5.2.1 Hot-Spot Program

The Hot-Spot Program looked first for type 1 hot-spots, i.e., table cells for which logic
version 6.04a had more than twice the number of NMACs as version 6.02. There were four type
1 hot-spots that occurred in tables 2.4, 7.4, 8.3, and 8.4.

The program looked next for type 2 hot-spots, i.e., table cells for which both pilots
responded properly to the advisories, yet more than 2% of the encounters resulted in NMACs.
There were no type 2 hot-spots with version 6.04a. This is important since with version 6.04,
there were two type 2 hot-spots, the most notable being class 19 (the Seattle class) with nearly 3%
of the encounters resulting in induced NMACs.

Figures 5-1 through 5-4 show histograms of the number of NMAC:s (as a percentage of
the number of planned encounters) per class for each of the 20 classes. Figures 5-1 and 5-2 show
induced NMACs, with Figure 5-1 using the standard 100-ft separation as the performance metric
and Figure 5-2 using a 200-ft separation. Figures 5-3 and 5-4 show unresolved NMACs, with
Figure 5-3 using a 100-ft separation and Figure 5-4 using a 200-ft separation. It is easy to see the
type 1 hot-spots in tables 2.4, 7.4, 8.3, and 8.4. Note that although there were no type 2 hot-spots,
tables 2.4, 7.4, and 8.4 came very close, and table 8.3 was next in line with more than 1% of the
encounters resulting in induced NMACs. Thus, all four tables warrant further examination as
having poor 6.04a performance both in an absolute and relative sense.

It is important to note that all four hot-spots occur in classes of planned crossing
encounters, and planned crossing encounters do not occur frequently in the United States airspace.
According to MITRE documentation [1], the percentages of the MITRE United States encounter
database represented by these classes are as follows:

Class 2 0.04%
Class 7 0.02%
Class 8 0.05%
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Figure 5-1. Induced NMACs.
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Figure 5-3. Unresolved NMACs.
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Thus, classes 2, 7, and 8 together account for approximately 1/10 of 1 percent of the United
States database. This should be taken into account when assessing the impact of these hot-spots.
Appendix K shows the class weights (percentages of database) for each of the 20 classes.

5.2.2 NMAC Characterization Program, NMAC Analysis Program, and
Performance Statistics Program

The NMAC Characterization Program, NMAC Analysis Program, and Performance
Statistics Program were run for each of the four hot-spots. Results are shown in Figures 5-5
through 5-12, with two figures (pages) per hot-spot. The first page for each hot-spot shows
summary outputs from the NMAC Characterization Program and the Performance Statistics
Program plus a plot from the NMAC Analysis Program. The second page shows the NMAC
Analysis Program's comparison of the three logic versions 6.02, 6.04, and 6.04a.

Looking at hot-spot 2.4, we see in Figure 5-5 that 100% of the table 2.4 6.04a/6.04a
NMAC:s had a pattern of aircraft motion like that shown in the plot. That is, Aircraft 1 was given a
climb RA, and Aircraft 2 was given a descend RA. Because of the high vertical rate of Aircraft 2
and the lateness of the RA, Aircraft 2 was not able to arrest its climb rate and get turned around in
time to avoid the NMAC. Note that this encounter is not one that would be deliberately set up by
ATC: The aircraft are converging in range. Both are flying level, separated by less than 1000 feet
vertically. Twenty seconds before closest approach, the lower aircraft suddenly accelerates
strongly and climbs through the other aircraft's altitude. This is not similar to the Seattle encounter,
in which TCAS took a benign situation and induced an NMAC. This is a situation in which there
was a serious error before TCAS became involved. Because class 2 overall represents only 0.04
% of the U.S. encounters and because this encounter would not be expected to occur deliberately in
the airspace, the 2.4 hot-spot was deemed to be not a concern.

Note on page two of the hot-spot 2.4 material (Figure 5-6), that the version 6.02 logic
successfully resolved this encounter. This is because of the larger thresholds used in 6.02. The
original aircraft separation (715 feet) violated the 6.02 altitude threshold. As soon as the range
threshold passed (25 seconds), preventive RAs were given to both aircraft ("limit climb to 500
fpm" to the lower aircraft and "limit descent to 500 fpm" to the higher aircraft). Thus, the planned
Aircraft 2 acceleration was limited, and the two aircraft passed without incident. In contrast, with
the 6.04a logic, the altitude threshold was not violated until Aircraft 2 had already achieved a
substantial climb rate. Instead of the full 25 seconds to maneuver (as with 6.02), both aircraft had
only 12 seconds between the issuance of the RA and CPA.

Looking at the plots for hot-spots 7.4, 8.3, and 8.4 (Figures 5-7, 5-9, and 5-11
respectively), we see the same type of situation. That is, in all of these encounters, the two aircraft
are converging, either both level or one with a small vertical rate; and shortly before CPA one or
both aircraft maneuvers abruptly towards the other. Again, because these classes represent only a
very small percentage of the U.S. encounters and because these encounters would not be set up
-deliberately by controllers, these remaining three hot-spots were deemed to be not a concern. Even
though the encounters in 7.4 and 8.4 were technically called induced NMACs (meaning TCAS
took a benign situation and induced an NMAC), common sense would say that this is not true.
The encounter without TCAS was technically considered benign because the separation at CPA
was greater than 100 feet vertically. But this is far from a benign encounter without TCAS. There
will always be some encounters that TCAS cannot resolve, and in fact is not expected to resolve.
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 Altitude in Feet

NMAC Characterization

100% had pattern below

96% - AC2 rate = 5000 fpm

94% - AC2 accel = .25 or .35

96% - AC2 accel time = CPA-20s
60% - planned separation = -500 ft

Performance Statistics

98% of RAs were non-crossing
28% of NMACs were non-crossing

ENCOUNTER SUMMARY - AIRCRAFT ALTITUDES
Data File Name=L121202ZL.605; REIT Number=1196
SIM MODE:2165044 (Source: LL Composite FTEG Run, Dated 07/22/94)
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Figure 5-5. Hot-Spot 2.4. Class 2 Induced NMACs.
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Altitude In Feet

NMAG_Ci terizati

97% had pattern below

95% - one or both AC +5000 fpm (33% both)

56% - AC1 accel = .15

AC2 accel distributed among -.15, -.25, -.35
planned separation distributed among 250, 500, 750

Performance Statistics

97% of RAs were non-crossing
99% of NMACs were non-crossing

ENCOUNTER SUMMARY - AIRCRAFT ALTITUDES
Data File Name=LL717XZL.605; REIT Number=8982
SIM MODE:2165044 (Source: LL Composite FTEG Run, Dated 07/22/34)
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Figure 5-7. Hot-Spot 7.4. Class 7 Induced NMACs.
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63% had pattern below

100% - planned separation = 0
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AC1 accel distributed among .05, .15, .25

67%

G2 accel = -.15

87% - AC2 accel time = CPA-20s

Perf Statisti

92% of RAs were non-crossing
96% of NMACs were non-crossing

ENCOUNTER SUMMARY - AIRCRAFT ALTITUDES
Data File Name=L1818YZL.605; REIT Number=8712
SIM MODE:2165044 (Source: LI Composite FTEG Run, Dated 07/22/94)
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Figure 5-9. Hot-Spot 8.3. Class 8 Unresolved NMACs.
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Altitude in Feet

NMAC Characterization.

81% had pattern below

99% - one or both AC £5000 fpm (32% both)
AC1 accel distributed among .05, .15, .25
AC2 accel distributed among -.15, -.25, -.35
69% - AC2 accel time = CPA-20s

40% - planned separation = 500 ft

Perform: Statisti

92% of RAs were non-crossing
96% of NMACs were non-crossing

ENCOUNTER SUMMARY - AIRCRAFT ALTITUDES
Data File Name=LL818YZL.605; REIT Number=2655
SIM MODE:2165044 (Source: LL Composite FTEG Run, Dated 07/22/94)
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Figure 5-11. Hot-Spot 8.4. Class 8 Induced NMACs.
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The four hot-spots discussed in this section are such encounters: two aircraft, close together,
making last-minute strong maneuvers towards each other.

5.3

SUMMARY

The results of the Phase II evaluation were as follows:

(D

)

3)

There were no tables in which 6.04a induced NMACs in more than 2% of the
encounters.

There were four tables in which 6.04a had more than twice the number of NMACs
as 6.02: tables 2.4, 7.4, 8.3, and 8.4.

Encounters in these tables were examined in detail. All were planned crossing
encounters that occur with low frequency. The encounters generally involved high
vertical rates, planned maneuvers scheduled to occur near tau time, and an RA sense
opposite to the planned maneuver. Lincoln Laboratory did not feel that these
encounters were of concern. However, Lincoln recommended that a review
committee be convened of members of the TCAS community in order to ensure a
consensus on these and other matters (see Section 7.1).

. There were no interoperability problems seen. In all tables except one, the intermix

(6.04/6.04a or 6.04a/6.04) performance fell between that of the corresponding single
versions (6.04/6.04 or 6.04a/6.04a). In one table, (9.4) the intermix performance
was slightly better.

One item of note: The performance in TCAS-TCAS encounters was better than in .
TCAS-Mode C encounters except in tables 9.4 and 15.4. There the TCAS-Mode C
performance was better because TCAS was able to reverse its sense against the
Mode C intruder but could not reverse against the TCAS intruder. TCAS-TCAS
reversals have been proposed for inclusion in RTCA DO-185A, the TCAS MOPS
for TCAS Change 7. '
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6. ANALYSIS - PHASE III

6.1 DESCRIPTION

The purpose of the Phase III evaluation was to analyze every 6.04a NMAC produced by
the simulation in order to understand the performance limits of the 6.04a logic. For those NMACs
deemed likely to occur in the real airspace, possible improvements were to be proposed.

The approach taken was to first plot every 6.04a NMAC. For each encounter class, we
then grouped together all NMAC plots whose aircraft motion formed a particular "pattern." That
is, if all of the plots with a particular pattern were superimposed on one another, the shape of the
aircraft paths would appear very similar: all Aircraft 1 received the same advisory; all Aircraft 2
received the same advisory; and the mechanism causing the NMAC appeared to be the same (e.g.,
lateness of RA, difficulty in arresting a high vertical rate, etc.). Note that in the original planned
encounters, all of the encounters in a particular encounter class have the same pattern. It is only
after TCAS gets involved and the pilots respond to varying TCAS advisories that many different
patterns of aircraft motion emerge. In looking at the outputs of the NMAC Characterization
Program, we were able to verify that each pattern had a distinctive set of parameters associated
with it. Out of the 20 encounter classes, there were 30 different patterns, or 30 NMAC categories.

Next, from each of the 30 NMAC categories, we chose a "representative encounter” whose
parameters best matched the majority of the encounters in that category. Our premise was that if
we could understand in depth the failure mechanism for each of these 30 representative NMACs,
we would understand the failure mechanisms and performance limits of the 6.04a logic.

6.2 RESULTS

Figure 6-1 gives a breakdown of the 30 representative encounters, showing for each
encounter, the table from which it came and the percentage of that table's encounters it represented.
Out of the 30 representative encounters, there were 7 unresolved NMACs (tables x.3) and 23
induced NMAC:s (tables x.4).

For each of the 30 representative encounters, the Lincoln Laboratory version of the
FAATC simulation program was run in order to produce a second-by-second print-out of aircraft
position and CAS logic variable settings from each aircraft's point of view. Next, for each
encounter, both the NMAC Characterization Program and NMAC Analysis Program were run.
The Performance Statistics-Program was also run for each class. A "packet" similar to the four
shown in Figures 5-5 through 5-12 was produced for each representative encounter. These
packets (minus the second-by-second print-outs) are included in Appendix L. Each packet
included four items:

(1) an annotated plot, showing both Aircraft 1 and Aircraft 2 positions and advisories
from time t=0 to t=65 seconds (CPA=60 seconds).

(2) a summary of the outputs from the NMAC Characterization Program and
Performance Statistics Program, giving information about the parameter values or
combination of parameter values associated with the encounter and the percentage of
crossing or non-crossing advisories issued in that class.
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FILE: C:\PARAMS\GROUP.DAT

TOTAL 6.04a NMACs AND CHARACTERISTIC 6.04a NMAC GROUPS PER CLASS AND TABLE

(Table 3 - Unreso

lved NMACSs;

Tue,

Table 4 - Induced NMACs)

19 Jul 1994

% of

Characteristic NMACs % of NMACSs # of
Cls Tbl Data File and REIT in Grp Tbl in Tbl Enc. Enc.
0 3 Total NMACs for Table= 0 . 16 0.0
0 4 Total NMACs for Table= 0 20 0.0
1 3 Total NMACs for Table= 0 72 0.0
1 4 Total NMACs for Table= 0 304 0.0
2 3 Total NMACs for Table= 5 864 0.58%
LL21202L.605 0123 5 100.0%
2 4  ‘Potal NMACs for Table= 52 3032 1.72%
LL21202ZL.605 1196 52 .100.0%
3 3 Total NMACs for Table= 0 736 0.0
3 4 Total NMACs for Table= 0 2416 0.0
4 3 Total NMACs for Table= 0 120 0.0
4 4 Total NMACs for Table= 0 608 0.0
s 3 Total NMACs for Table= 0 1580 0.0
13 4 Total NMACs for Table= 26 7488 0.35%
LL515W2ZL.605 1006 3 19.2%
LL515W2ZL.605 1195 4 15.4%
LL515WZL.605 1952 17 65.4%
6 3 Total NMACs for Table= 14 1728 0.81%
LL616WZL.605 0081 . 4 28.6%
LL616WZIL.605 5863 10 71.4%
6 4 Total NMACs for Table= : 12 7384 0.16%
LL616W2ZL.605 4612 12 100.0
7 3 Total NMACs for Table= 4 2416 0.17%
LL717X2ZL.605 2538 4 100.0
7 4 Total NMACs for Table= 196 9988 1.96%
LL717XZL.605 2014 5 2.6%
LL717X2L.605 8982 191 97.4%
8 3 Total NMACs for Table= 30 2592 1.16%
LL818YZL.605 0641 4 13.3%
LL818YZL.605 7305 7 23.3%
LL818YZL.605 8712 19 63.3%
8 4 Total NMACs for Table= 188 10044 1.87%
L1.818YZL.605 1385 27 14.4%
LL818YZL.605 2655 152 80.9%
LL818YZL.605 3615 4 2.1%
LL.818YZH.605 4970 S5 2.7%

Figure 6-1. Representative NMAC Encounters.
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Characteristic NMACs % of NMACs # of % of
Cls Tbl Data File and REIT in Grp Tbl in Tbl Enc. Enc.
9 Total NMACs for Table= 0 1158 0.0
9 Total NMACs for Table= 18 5808 0.31%
LL91SYZH.605 1509 14 77.8%
LLY919YZH.605 3523 4 22.2%
10 Total NMACs for Table= 4] 8 0.0
i0 Total NMACs for Table= o] 124 0.0
11 Total NMACs for Table= o} 0 0.0
11 Total NMACs for Table= 0 128 0.0
12 Total NMACs for Table= 0 0 0.0
12 Total NMACs for Table= 1 2152 0.05%
LL21202ZL.605 1421 1 100.0
13 Total WMACs for Table= 0 128 0.0
13 Total NMACs for Table= 4 4496 0.09%
LL313SZL.605 1614 4 100.0
14 Total NMACs for Table= (o} 24 0.0
14 Total NMACs for Table= 0 256 0.0
15 Total NMACs for Table= 0] 148 0.0
15 Total NMACs for Table= 21 2880 0.73%
LL515WZL.605 4283 18 85.7%
LLS515W2ZL.605 5543 3 14.3%
16 Total NMACs for Table= 0 0 0.0
16 Total NMACs for Table= 1 2984 0.03%
LL616W2L.605 2491 1 100.0
17 Total NMACs for Table= 0 176 0.0
17 Total NMACs for Table= 14 5564 0.25%
LL717XZL.605 2732 14 100.0
18 Total NMACs for Table= 0 0 0.0
18 Total NMACs for Table= 17 5508 0.31%
LL818YZL.605 1520 12 70.6%
LL818YZH.605 3978 5 29.4%
19 Total NMACs for Table= 4] 570 0.0
19 Total NMACs for Table= 36 8016 0.45%
LL919YZH.605 2883 11 30.6%
LL919YZH.605 7162 25 69.4%
TOTAL 639

Figure 6-1. (cont.). Representative NMAC Encounters.
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(3) outputs from the NMAC Analysis Program giving a summary of the encounter
when run with logic versions 6.02, 6.04, and 6.04a. This allows an understanding
of how each version's thresholds and timing can affect the outcome of the encounter.

(4) second-by-second print-outs for both aircraft showing aircraft position and CAS
logic variable settings.

Figures 6-2 and 6-3 show, for each encounter, merged outputs from the three analysis
programs. Figure 6-2 gives information for the seven encounters with unresolved NMACs;
Figure 6-3 gives information for the 23 encounters with induced NMACs. Regarding Figure 6-2,
the parameter that most stands out is "warning time." Note that for most of the encounters, the
RA was given to the pilot 7 or 8 seconds prior to CPA. Assuming a 5-second pilot response
delay, this means that the pilot had 2 or 3 seconds to maneuver the aircraft. Clearly, this is not
sufficient. Sometimes this late RA was due mainly to a late maneuver by one (or both) of the
aircraft. However, sometimes an early RA was deferred, waiting for an intruder to level-off at a
safe vertical separation; when the intruder instead leveled-off co-altitude, it was too late for TCAS
to resolve the encounter. ‘

Other parameters (columns) appear to exhibit more variation. It appears not to matter
particularly whether the RA was crossing or non-crossing ( note that these are all planned crossing
encounters). Likewise, there is no one delay responsible for the late RAs. Vertical rate does
appear to be a factor; in all of the encounters, at least one aircraft had a rate of 5000 fpm.

Regarding Figure 6-3, induced NMAC:s, the parameter that most stands out is "crossing
RA." Most of the induced NMACs seem to occur when non-crossing RAs were issued in
planned crossing encounters or when crossing RAs were issued in planned non-crossing
encounters. That is, TCAS issued an RA that was opposite to the aircraft's planned maneuver. If
the aircraft were moving at a high vertical rate, as some were, then it would take time to arrest the
rate and begin moving in the opposite direction. Most of the other parameters exhibit more
variation. Note that in only two tables, 9.4 and 19.4, were any of the planned separations equal to
1000 feet. In these two tables, there were three encounters in which the planned separation was
1000 feet and TCAS induced an NMAC. These three encounters were analyzed in depth by
MITRE (see Section 7.1).
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6.3 SUMMARY

From the 639 version 6.04a NMACs that were produced in the FAATC simulation,
Lincoln Laboratory determined that there were 30 distinct NMAC categories. A representative
encounter from each of the 30 categories was examined in depth. The results were as follows:

(1)

@

3)

For encounters that resulted in unresolved NMACs (7 "representative encounters,"
representing 53 encounters total), the main conclusion was that the RA was issued
too late to be effective.

For encounters that resulted in induced NMACs (23 "representative encounters,"
representing 586 encounters total), the main conclusion was that the RA sense was
generally opposite to the sense of the planned aircraft maneuver. The aircraft was
generally just beginning a maneuver when TCAS told it to move in the opposite
direction. The time lost in changing direction resulted in insufficient movement in
the proper direction.

To determine whether the 6.04a NMAC encounters were likely to occur in the real
airspace and if so, to propose logic improvements, Lincoln Laboratory requested that
a review committee be formed from the TCAS community to review all 30
representative encounters. The review committee and its actions are described in
Section 7.
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7. FOLLOW-UP AND RECOMMENDATIONS

71  6.04A REVIEW MEETING

A meeting was held at Lincoln Laboratory on 24 August 1994 to review the version 6.04a
NMACs. The following organizations were represented: Lincoln Laboratory, MITRE, FAATC,
TASC, Coleman Research Corporation, and the FAA TCAS Program Office.

For each of the 30 representative 6.04a NMACs, we attempted to answer the following
questions:

(1) Did we understand the NMAC? What caused it? Was there anything about the
logic performance that we could not explain or that seemed wrong? Were we
satisfied with the trade-offs made by the logic?

(2) How frequently did we expect this encounter to occur in the airspace? Would it
occur only as a result of some breakdown or error in the system, or would it be
something that controllers would do on a regular basis?

(3) Would this encounter be affected by any of the version 7 changes? Might the
problems go away with version 7?

We flagged encounters that we did not understand and encounters that could occur
frequently. Encounters were considered somewhat less urgent if they would be improved by
version 7. Version 7 improvements could come from the following: better tracker (faster detection
of maneuvers), elimination of coordination delay (earlier posting of RA - earlier pilot response and
less time for aircraft contrary motion), TCAS-TCAS reversals, and immediate posting of a
crossing RA in both aircraft if a crossing RA is selected by one aircraft. Minutes of the meeting,
showing detailed comments on selected encounters, are given in Appendix M.

The summary of the meeting results are as follows:

There were seven specific encounters that were considered not well-understood. The
various organizations at the meeting took action items to research the logic and/or run more
encounters in order to better explain the seven encounters. The seven encounters (and their specific
encounter designations as shown in Table 6-1) are:

(1) Class 515, reit 4283. An increase RA was issued when the aircraft rate was already
3000 fpm.

(2) Class 717, reit 2538. It was believed that with version 7 this encounter would
produce no RAs, even though both aircraft would clearly be threats.

(3) Class 818, reit 4970. Version 6.04a had no RAs, but 6.04a had RAs that resulted in
NMAC:s.

(4) Class 818, reit 1520. Many deferrals, one after the other, resulted in a too-late RA.




(5-7) Class 919, reits 1738, 4969, 5131. Three encounters induced NMACs when the
planned separation was 1000 feet®.

In addition to the seven specific encounters, there were other more general concerns:

Version 6.04a was designed to handle encounters in which aircraft level-off 1000 feet
apart, but there are encounters in the real airspace in which a level-off occurs with less than 1000
feet separation. We felt that this would happen most often when aircraft overshoot their assigned
altitude. MITRE was tasked to develop a class of "overshoot encounters," to be run along with the
current 20 encounter classes.

TCAS cannot handle some high vertical rate encounters. It is expected that some number
of these will occur in the real airspace. Lincoln Laboratory agreed to continue its effort to
characterize the vertical velocities and accelerations seen both with its Mode S sensor monitoring
and with its examination of airborne recorded data.

As mentioned in Section 4, there are some aircraft displays that cannot display the proper
rate-to-maintain in high-rate encounters. If these aircraft were involved in high vertical-rate
encounters, NMACs could result. A solution to this problem is being pursued as a part of the
work on logic version 7.0.

On a more positive note, it was agreed that some of the NMACs labeled "induced" could
more accurately be described as "unresolved." That is, without TCAS, the planned encounters
resulted in slightly more than 100 feet separation, and with TCAS, the encounters resulted in
slightly less than 100 feet separation. While technically considered induced NMAC:s, these
encounters hardly fit the description of TCAS taking a benign encounter and turning it into an
NMAC.

Resolution of these items is described in Section 7.2 below.

7.2  ACTION ITEM RESOLUTION

Following the 6.04a review meeting, attendees circulated the results of their assigned action
items. A teleconference took place on 10 March 1995 to review the results. With the exception of
the FAA Program Office, which was not represented, each organization present at the original
6.04a review meeting had one person participating in the teleconference.

The conclusions were as follows:

All of the specific encounters reviewed are expected to be improved by revisions being
made in Change 7. However, this should be verified by running these encounters with the Change
7 logic. This will be done by FAATC and MITRE immediately using the Change 7/Information
Release 5 logic. In addition, both FAATC and Lincoln Laboratory are expecting to evaluate the
Change 7 logic (both the Change 7/Information Release 5 logic and the final Change 7 logic) using
the same encounter database as was used for the 6.04a evaluation. This means that the
performance of the Change 7 logic on all of the 30 6.04a representative NMACs will be re-
examined two more times.

6  Note - These encounters, though class 19, are not Seattle-type encounters because the aircraft have the

same sign vertical rates. In Seattle-type encounters, the two aircraft have opposite sign vertical rates.
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A question was raised about possible differences in the pilot response model in the MITRE
and FAATC simulations. This will be researched immediately and any differences reported.

MITRE is developing a class of overshoot encounters. Details on this work are expected
before the distribution of Change 7/Information Release 6.

Regarding high vertical rate encounters, it was noted that the Lincoln Laboratory analysis of
airborne recorded TCAS data shows over 5% of the track cycles with rates in excess of 3000 fpm.
Thus, we cannot dismiss poor performance of the CAS logic in high vertical rate encounters as
something that will not happen. It was agreed that MITRE will try to compare the Lincoln vertical
rate distributions derived from the airborne data to the MITRE vertical rate distributions derived
from the ARTS database. It was also agreed that in the Change 7 evaluations, FAATC and
Lincoln Laboratory will look for specific vertical rate combinations that result in NMACs;
MITRE will then determine the frequency of these combinations in the ARTS database.

There was no discussion on the issue of aircraft display capability.

7.3 GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.3.1 Conclusions

In any discussion of NMAC:s, it is important to remember the following. The simulation
encounters were derived from actual recorded aircraft maneuvers. However, the range of values
used by the simulation for aircraft vertical rates and accelerations exceeds the typical values seen in
the airspace, and maneuvers are timed to purposely create worst-case situations for TCAS. This
means that TCAS is not expected to resolve all of the encounters used in this evaluation. The
simulation encounters were designed to stress the CAS logic, not to replicate the statistics of the
airspace. Any examination of TCAS failures must take into consideration the likelihood that the
particular encounters will occur in the real airspace.

General conclusions of the 6.04a evaluation are as follows:
(1)  Logic version 6.04a resolved all Seattle-type encounters in the simulation.

(2) When compared to version 6.04, version 6.04a greatly reduced the number of
induced NMAGC:s in all rate-to-level non-crossing geometries. There were fewer
crossing RAs issued in each of these geometries and also better results from the
crossing RAs that were issued.

Note - For aircraft displays that cannot properly display the required vertical rate-to-
maintain, there will be less reduction in the number of induced NMACs. This is
being addressed in the Change 7 logic.

(3) When compared to version 6.04, there did not appear to be any new problems
introduced by the 6.04a logic.

(4)  There were no interoperability problems seem among the 6.02, 6.04, and 6.04a logic
versions. : '

(5) There were no tables in which 6.04a induced NMACSs in more than 2% of the
encounters.




6

(M

There were four tables in which 6.04a had more than twice the number of NMACs
as version 6.02. These were all low-frequency planned crossing encounters, and the
increase in NMAGC:s in these tables was not considered significant.

Situations most troublesome to the CAS logic (all versions, including version 6.04a)
include the following:

- high vertical rates in one or both aircraft (generally 5000 fpm, sometimes 3000
fpm)

- level-off maneuvers in which the planned separation is less than 1000 feet

- late planned vertical maneuvers (maneuvers that begin just as the range tau
threshold is crossed)

- late planned vertical maneuvers that are opposite to the direction of the TCAS
RA.

Overall, the main conclusion is that there were no encounters found that indicated a
clear safety problem with the 6.04a logic. There was nothing resembling the severity of the
Seattle encounter, in which (with 6.02 and 6.04) TCAS could take a benign, commonly-occurring
situation and induce an NMAC. There are certain situations that the 6.04a logic cannot handle, but
there is consensus among the organizations that formed the review group that these situations are
rare and can be addressed further with the Change 7 logic.

7.3.2

Recommendations

There are four major recommendations from this study:

(D

)

€)

4)

Determine if the Change 7 logic improves on the 6.04a performance as expected.
Use the Lincoln Laboratory analysis tools to analyze the performance of both the
Change 7/Information Release 5 logic and the final Change 7 logic. Note any new
problems that occur. Compare in detail the 6.04a and Change 7 performance of the
6.04a NMAC encounters.

Develop a class of encounters in which the aircraft overshoot the planned altitude.
Run these encounters in addition to the current set of encounters using the Change 7
logic .

Continue to gather data (airborne TCAS recordings, ARTS data, Mode S sensor
monitoring) regarding the frequency in the real airspace of:

high vertical rates (= 3000 fpm),
level-offs in which the planned separation is less than 1000 feet.
Determine if further work needs to be done to improve performance in these areas.

Ensure that aircraft displays are capable of displaying RA information required by
TCAS.

66




[1]

(2]

[3]

[4]

REFERENCES

McLaughlin, M. P. and A. D. Zeitlin, "Safety Study of TCAS II for Logic Version 6.04."
Department of Transportation Report, DOT/FAA/RD-92/22, July 1992.

“Minimum Operational Performance Standards For Traffic Alert and Collision Avoidance
System (TCAS) Airborne Equipment, Volume II, Consolidated Edition." RTCA/DO-185,
23 September 1983.

Lubkowski, David J., "TCAS Logic Version 6.04a Pseudocode and SRS Changes." The
MITRE Corporation, McLean, VA, F046-1.-0056, 20 July 1993, letter to Tom Williamson.

TCAS Program Review, 26 July 1994, briefing by Gary Gambarani of Aeronautical Radio,
Inc.

67




